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ABSTRACT 

Effective active control of rotating stall in axial compressors 
requires detailed understanding of flow instabilities associated 
with this compressor regime. Newly designed miniature high 
frequency response total and static pressure probes as well as 
commercial thermoanemometric probes are suitable tools for 
this task. However, during the rotating stall cycle the probes 
are subjected to flow direction changes that are far larger than 
the range of probe incidence acceptance, and therefore probe 
data without a proper correction would misrepresent unsteady 
variations of flow parameters. A methodology, based on 
ensemble averaging, is proposed to circumvent this problem. 
In this approach the ensemble averaged signals acquired for 
various probe setting angles are segmented, and only the 
sections for probe setting angles close to the actual flow angle 
are used for signal recombination. The methodology was 
verified by excellent agreement between velocity distributions 
obtained from pressure probe data, and data measured with 
thermoanemometric probes. Vector plots of unsteady flow 
behavior during the rotating stall regime indicate reversed flow 
within the rotating stall cell that spreads over to adjacent rotor 
blade channels. Results of this study confirmed that the NASA 
Low Speed Axial Compressor ( LSAC) while in a rotating stall 
regime at rotor design speed exhibits one stall cell that rotates 
at a speed equal to 50.6% of the rotor shaft speed. 


NOMENCLATURE 


Ltr 

m 

voltage trigger level. 

Ma 

[ 1 ] 

Mach number, 

n S H 


shaft rotative speed, 

P 

\kPd] 

pressure level. 

Ps 

[, kPa ] 

static pressure. 

Pt 

\kPd] 

total pressure. 

Pw 

[kPa] 

wall static pressure. 

t 

[»/.?] 

time, 

V M 

[m.s 1 ] 

flow velocity. 


(Xfm 

[dg] 

flow angle, 

£p 

\dg] 

probe setting angle, 

t ]dir 

m 

direction coefficient (fiber probe), 

£dir 

M 

direction coefficient (pressure probe), 

pV 

\kg.m 2 .s'\ 

throughflow density, 

Tscp 

m 

nondimensional stall period, 

y/p 

[dg\ 

probe incidence, 

IGV 


inlet guide vane, 

RBR 


rotor blade row, 

SVR 


stator vane row, 

UNC 


uncorrected. 

INTRODUCTION 



Research efforts in axial compressors have recently focused 
on applications of active flow control of rotating stall aiming to 
increase the range of stable compressor operation (Refs. 1 
through 3). In order to apply active control effectively, the 
flow instabilities during the rotating stall regime must be fully 
understood. Experimental research efforts to detect and 
analyze stall instabilities have been reported in Refs. 4 through 
6. Most of the experimental data, available in the public 
domain, focuses on unsteady pressure measurements along the 
axis or circumference of a compressor shroud. Only a few 
references could be found dealing with measurement along a 
blade span during the rotating stall regime (Refs. 7 through 9). 

Five types of high-response aerodynamic probes were used 
for this investigation. The first probe was a wall plug for wall 
static pressure measurement. Then, two types of standard 
thermoanemometric fiber probes were used to measure flow 
direction and throughflow density (a product of flow velocity 
and density) along the blade span. Finally, two newly 
designed, in-house built pressure probes with miniature 
transducers were used to measure the total pressure (pitot 
probe) and static pressure (disk probe) distributions along the 
blade height. 


NASA/TM— 2006-214270 


1 



NASA LOW SPEED AXIAL COMPRESSOR 

The NASA Low Speed Axial Compressor ( LSAC) is 
described in detail in Ref. 10. The research compressor 
consists of four identical axial stages. There is an inlet 
guide vane row in front of the first rotor. A compressor 
cross-section and the blade layout are shown in Fig. 1. 
The compressor is instrumented with multiple 
conventional aerodynamic probes, and there are several 
ports for unsteady probes. In this study, the focus is on 
two ports only. The first port (SOSA), is located in the 
IGV row close to the trailing edge at the mid pitch 
location. A wall plug measuring static wall pressure 
was inserted into this port for all the measurements 
reported here. The signal of this probe served as the 
synchronization signal, and as a base for conditional 
sampling for all the other probes employed during this 
investigation. The second port ( S15B ) is located in the 
gap between the first stage rotor and stator. 
Thermoanemometric, and static and total pressure 
probes were inserted one by one in the flow through this 
port to measure the flow pattern in the rotating stall 
regime. The compressor was operated during this entire 
investigation at its design speed of 983 rpm, which 
corresponds to a blade tip speed of 61.0 in. s' 1 . 


HIGH RESPONSE AERODYNAMIC PROBES 

The wall static pressure probe was built in the form of a 
plug that could be easily mounted in any port in the compressor 
shroud. The pressure transducer used was a differential type of 
the lowest available pressure range, namely67 kPa (61 psid), 
with a natural frequency of the transducer diaphragm about 
300 kHz. The pressure transducer is mounted in the plug with 
its diaphragm recessed 1 mm below the plug surface. Each wall 
plug has also a conventional static tap for steady state pressure 
measurements located next to the pressure transducer port. A 
view of a mounted wall plug from inside the compressor is 
presented in Fig. 2. 

The thermoanemometric probes used were a split-fiber 
probe to measure flow direction and throughflow density, and 
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Fig. 1. Flow path and blading plan of the NASA low speed axial 
compressor with location of measurement stations. 


a single-fiber probe to measure throughflow density only . A 
split-fiber probe positioned in the gap between the rotor and 
stator is shown in Fig. 3. A detailed description and experience 
gained with application of thermoanemometric fiber probes for 
measurement in LASC are given in Refs. 11 and 12, and 
therefore will not be repeated here. 



Fig. 2 Wall static pressure probe. 


Fig. 3 Split-fiber probe in the gap between rotor and 
stator of the LSAC first stage. 

The design of a total pressure probe is indicated in Fig. 4. 
A miniature pressure transducer is located in the probe head 
with its diaphragm oriented parallel to the axis of the receiving 
tube. The main advantage of this arrangement is: (1) perfect 
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Fig. 4 Design of total pressure probe. 

protection of the transducer diaphragm against dust particle 
damage, and (2) the smallest possible size of the probe head. 
On the other hand, this arrangement slightly decreases the 
frequency range of the probe in comparison to the case in 
which the transducer diaphragm is directly exposed to the 
oncoming flow. The natural frequency of the total pressure 
probe is 35 kHz, which was determined based on our 
experience with miniature pressure transducers mounted on 
oscillating blades (Ref. 13). An overall view of this probe 
mounted in the compressor behind the first rotor is in Fig. 5. 



Fig. 7 View of disk static pressure probe. 



Fig. 5 View of total pressure probe. 

The last probe to be used was a static pressure probe built 
for in-flow measurement. The probe was designed and built as 
a disk probe with the disk parallel to the axial-tangential plane 
of the compressor. The probe design is shown in Fig. 6. The 
pressure transducer is located in the probe head 1 mm below 
the disk plane. The probe frequency range is 70 kHz. The 
probe positioned behind the first stage rotor is shown in Fig. 7. 



Fig. 6 Design of disk static pressure probe. 


REGIME OF ROTATING STALL 

A rotating stall is an unstable operating regime that can be 
induced in a compressor by throttling the exit flow; subsequent 
opening of the exit throttle will bring the compressor back to 
stable operation. This event, as sensed by a wall static pressure 
probe located upstream of the LSAC first rotor (Port SOSA in 
Fig. 1), is shown in Fig. 8. Three distinct phases of the rotating 
stall regime can be identified, as indicated in the picture. 
These phases are: stall inception, developed stall, and stall 
recovery. To measure the flow pattern, we have decided to 
focus on the stable phase of the rotating stall regime, to avoid 
transients in the flow field behavior. It appears, based on the 
pressure history presented, that the stability and periodicity of 
the developed stall phase of the rotating stall regime for the 
LSAC is very high. This fact allowed the use of a procedure of 
conditional sampling based on the rotating stall zone passing 
frequency, which in turn allows synchronization of signals of 
various probes acquired for different test runs. 
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Fig. 8 Phases of rotating stall regime. 
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To establish the ensemble averaging base signal, the wall 
static pressure signal was smoothed using a low pass filter and 
a running average; the smoothed out signal is shown in Fig. 9 
with upper and lower thresholds, that generate intercepts with 
the pressure signal. The intercepts are shown in the scaled up 
segment in Fig. 10. The four intercepts, generated for each 
peak of the pressure signal were averaged to generate a time 
mark allocated to a given pressure peak (black triangle 
symbol). An array of time marks was then used to generate a 
base for ensemble averaging of signals from all the probes used 
in this study. The ensemble base signal is shown in Fig. 11. 


The base signal represents the period (frequency) history of 
the stall cell rotation. Variation of the rotating stall period in 
time is plotted in Fig. 12. Inspection of data plotted in Figs. 8 
and 12, and the steadiness of the rotating stall period indicate 
that there is a single zone of rotating stall with an average 
period of z RS = 120.7 ± 4.6 ms. It follows that the frequency of 
the rotating stall cell is f RS = 8.29 ± 0.22 Hz. The rotor shaft 
frequency was f SH = 16.39 Hz ( n SH = 983.0 min' 1 ). The ratio of 
rotating stall and shaft frequencies is <p$s = 0. 506. 
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Fig. 11 Base signal for ensemble averaging. 


Signals acquired by a split-fiber probe can be decomposed 
into a flow angle in the axial-tangential plane and throughflow 
density data. The decomposition procedure for a split-fiber 
probe is described in details in Refs. 11 and 12 and will not be 
repeated here. 

Flow angle distributions for two probe setting angles are 
shown in Fig. 13. The distributions were generated by 
applying the ensemble averaging procedure to the flow angle 
data. To improve the readability of the data each diagram 
depicts the same distribution plotted twice next to each other. 
As seen in Fig. 13, the signals differ significantly from each 
other for different probe setting angle. A summary plot shown 
in Fig. 14 was generated to observe the signal behavior as a 
function of the wide range of probe setting angles. The data 
collapse is quite good for the unstalled portion of the rotor flow 
as long as the probe incidence is less than 6 40 dg; the probe 
incidence is the difference between the probe setting angle and 
the instantaneous flow angle. For incidence less than ±40 dg 
the directional characteristic of a split-fiber probe is linear 
(Ref. 13). The traces for probe setting angles larger than 89 dg 
are outside of the probe linear range and consequently do not 
collapse with data for smaller setting angles. Signals within 
the stall cell, however, are very dependent on the probe setting 
angle. The detected flow angles at some points (t S cp = 0.90) 
exhibit extreme range of values from 20 dg through 140 dg. 
Obviously this wide range of detected flow angles for different 
probe setting angles is a probe effect that must be accounted 
for by a data reduction procedure. 
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Fig. 13 Detected flow angle distributions for two setting 
angles of a split-fiber probe. 
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Fig. 14 Detected flow angles as function of split-fiber 
probe setting angle. 


A split-fiber probe and a cross-section of the sensor cylinder 
are shown in Fig. 15. Signals generated by this probe are 
proportional to the heat transfer flux from two halves of the 
sensor cylinder SI and S2 (Refs. 11 and 12). The probe has 
two planes of symmetry, one along the plane that separates two 
semi-cylindrical sensors (probe incidence 0 dg), and the other 
one that is perpendicular to this plane (probe incidence 90 dg). 
Increasing the flow angle in the axial-tangential plane increases 
the heat flux difference between two probe sensors linearly up 
to an incidence of 40 dg. Beyond that angle the probe is 
progressively less sensitive to flow direction. The heat flux 
difference still increases, with further increasing incidence, 
although nonlinearly, and only up to an incidence of 90 dg. If 
the flow incidence increases even further beyond the second 
plane of symmetry, the flux difference starts to decrease, which 
is interpreted by the decomposition procedure as a decreasing 
flow angle. This is precisely what happens in the rotating stall 
zone where the flow angle deviates significantly from the flow 
angle in the unstalled portion of the rotor flow. In order to 



Fig. 15 Geometry of a split-fiber probe. 


measure the flow angle correctly, the probe should follow the 
flow angle changes so the deviation between the instantaneous 
flow angle and the probe setting angle (probe incidence) would 
always be less than 40 dg. This is very impractical and would 
be very costly. Fortunately, the flow pattern during the 
developed stall phase is very stable with excellent periodicity, 
which enables segmentation of the ensemble average data into 
intervals such that the probe incidence is always less than 
40 dg. Then, the flow angle detected within each segment is 
the true flow angle free of the probe nonlinearity and ambiguity 
contamination effects. The resulting flow angle distribution for 
the entire ensemble averaged interval is then acquired by 
patching partial signals from individual segments together. 
The necessary condition for this partial signal addition is the 
excellent periodicity of the flow phenomenon investigated. 
The resulting flow angle data and the corresponding probe 
setting angle are shown in Fig. 16. As seen in this diagram, the 
flow angle is practically constant (about 45 dg) in the unstalled 
portion of the rotor flow, then rapidly increases up to 130 dg in 
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Fig. 16 Absolute flow angle distribution. 
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the stall cell, and after that decreases again to the unstalled 
level. The fact that the flow angle rises beyond 90 dg (which 
is the direction of the rotor blade motion) indicates a short 
presence of reversed flow in the rotating stall cell. The validity 
of this procedure of flow angle determination could not be 
verified directly, because at present there is no independent 
method of instantaneous flow angle measurement available. 
However, we believe that the method presented was verified 
indirectly by unsteady pressure probes as discussed later. 

The other signal that can be derived from a split-fiber data 
set is the throughflow density, which for incompressible flow 
with constant flow temperature is directly proportional to the 
flow velocity. A summary plot showing the effects of the 
probe setting angle on the detected throughflow density levels 
is shown in Fig. 17. In order to remove the probe effects from 
the acquired data the same approach was used as for the flow 
angle data. The throughflow density signals were segmented 
using the same intervals as before, and the resulting signal was 
created by addition of individual segments free of the probe 
setting angle effects. The resulting throughflow density signal 
is in Fig. 18. As seen here, the throughflow density increases 
very mildly within the unstalled portion of the flow. There is 
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Fig. 17 Detected throughflow density distributions as 
function of split-fiber probe setting angle. 



Fig. 18 Corrected throughflow density distribution 
measured by split-fiber probe. 


a very short interval for which the throughflow density 
decreases a little just at the arrival of the rotating stall cell, 
followed by a rapid increase and then rapid decrease as the 
rotating stall cell passes the probe. As the flow starts to 
recover from the stall, the throughflow density rises again back 
to the attached flow level. 

The distribution of the throughflow density can be 
independently verified by using a single element 
thermoanemometric fiber probe. A single-fiber probe with a 
sensor perpendicular to the axial-tangential plane is in theory 
insensitive to flow direction in this plane, and thus measures 
directly the magnitude of the throughflow density vector. In 
practice, in particular for very large angle changes, there is a 
detectable effect that the probe prongs have on the overall heat 
transfer from the probe sensor. A summary plot of a single- 
element fiber probe data is shown in Fig. 19. As seen here, the 
throughflow density distribution, although similar in shape to 
one obtained from the split-fiber probe, still exhibits visible 
dependence on the probe setting angle. The probe was 
recalibrated for huge incidence variations (from 0 dg up to 
160 dg) in a steady free jet flow emanating from a 38 mm 
calibration nozzle. The resulting directional coefficient that 
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Fig. 19 Detected throughflow density distributions as 
function of single-fiber probe setting angle. 

corrects the measured signal by eliminating contamination 
caused by probe prongs is shown in Fig. 20. This directional 
coefficient was used to correct data plotted in Fig. 19. To 
perform the correction, an instantaneous probe incidence was 
determined from the particular probe setting angle and the 
instantaneous flow angle distribution presented in Fig. 16. The 
corrected single-fiber probe data collapsed together as the 
effects of probe setting angle were eliminated (Fig. 21). The 
corrected single-fiber probe data were averaged for all probe 
setting angles used, and are shown in Fig. 22 together with a 
throughflow density distribution measured by a split-fiber 
probe. As seen in this figure, the overall agreement between 
data from both probes is very good, particularly outside the 
stall zone. However, inside the rotating stall zone, there is a 
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visible overshoot of split-fiber probe data. The reason for this 
10% overshoot is not clear at present, but it may be a 
consequence of the higher frequency range of the split-fiber 
probe than that of the single-fiber probe (Ref. 12). An 
average of these two distributions was used as the reported 
distribution of the throughflow density in the rotor flow. 
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Fig. 20 Direction coefficient of single-fiber probe as 
function of probe incidence. 
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Fig. 21 Corrected throughflow density distributions 
measured by single-fiber probe. 


SPLIT-FIBER PROBE — SINGLE-FIBER PROBE 



Fig. 22 Comparison of throughflow density distributions 
measured by split- and single-fiber probes. 


FLOW PRESSURE DATA 


The flow static pressure data was measured at blade 
midspan at the same port ( S15B ) at which the thermo- 
anemometric data was taken. The static pressure probe was 
expected to be insensitive to flow direction in the axial- 
tangential plane. A summary plot in Fig. 23 shows ensemble 
averaged data for all seven setting angles of the static pressure 
probe. As seen in this picture, the rotating stall cell occupies 
an interval of x scp from 0. 75 through 1.05. The static pressure 
rises slowly in the unstalled portion of the rotor flow (from x S cp 
equal to 0.05 through 0.75), and then suddenly drops and 
sharply rises again (x SC p = 0.8 ) to a level that is higher than the 
pressure level in the unstalled portion of the flow. Static 
pressure then stays about constant for the remaining portion of 
the stall cell and lowers again as the flow attaches back to the 
rotor blades (t.scp = 1.05). It should be noted here, that the 
ensemble averaging procedure is based on the passing 
frequency of the rotating stall cell, which is not an integer 
multiple of the blade passing frequency. Consequently, any 
unsteadiness associated with the blade passing frequency is 
averaged out during the ensemble averaging procedure, and is 
not visible in the pressure traces. As seen in Fig. 23, the data 
collapse is excellent, with only a small scatter in the stall cell. 
The results confirm the expected directional insensitivity of the 
static pressure probe, and the data in Fig. 23 represents the true 
static pressure distribution during the developed stall regime. 
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Fig. 23 Detected static pressure distributions as function 
of static pressure probe setting angle. 


The last signal to be reduced was flow total pressure 
measured at the blade midspan. The total pressure probe is 
quite sensitive to changes in flow direction, as witnessed in 
Fig. 24 where data for two setting angles of the total pressure 
probe are shown. The differences are huge; data for all probe 
setting angles used are shown in a summary plot in Fig. 25. 
These differences are due to the relatively narrow directional 
characteristics of the total pressure probe depicted in Fig. 26. 
It appears that for flow Mach numbers above 0.1 the 
directional characteristics practically do not change, 
simplifying the correction procedure. The uncorrected total 
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data were segmented in the same way as previously described 
for the correction of flow angles. Then, within each segment, 
the total pressures were corrected for incidence angle effects. 
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Fig. 24 Detected total pressure distributions for two 
setting angles of a total pressure probe. 
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Fig. 25 Detected total pressure distributions as function 
of totat pressure probe setting angle. 
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Fig. 26 Direction coefficient of total pressure probe. 


The directional characteristics, shown in Fig. 26, were 
derived for the dynamic pressure portion of the total pressure. 
Thus, before applying the directional corrections on the data 
depicted in Fig. 25, the instantaneous dynamic pressure must 
be determined by subtracting the instantaneous values of static 
pressure that was averaged for all probe setting angles and is 
shown in Fig. 27. After the total pressure values were 
corrected in each segment, the total pressure distribution for the 
entire period of the rotating stall cell revolution was created by 
adding individual segments together. The corrected total 
pressure distribution is shown in Fig. 27. 


SEGMENTED DISTRIBUTION AVERAGED DISTRIBUTION 

TOTAL PRESSURE STATIC PRESSURE 



Fig. 27 Distributions of flow pressures in rotor exit flow 
during developed stall regime. 


FLOW PATTERN IN THE ROTATING STALL CELL 

Flaving determined all the flow parameters, the flow pattern 
within the rotating stall cell can now be reconstructed. The 
distribution of Mach number magnitude shown in Fig. 28 was 
obtained utilizing the total and static pressure distributions 
presented in Fig. 27. The magnitude of flow velocity can be 
determined from the Mach number distribution provided that 
instantaneous values of flow static temperature are known. 
Distribution of static flow temperature, however, is not 
available; the only temperature measurements that were made 
were of the total temperature at the entrance in the compressor 
inlet nozzle. The research compressor is a low speed, low 
pressure axial machine with an average total temperature rise 
over the first stage of less than 1.5 K. Therefore, a decision 
was made to calculate flow velocity based on measured Mach 
number distribution and constant total temperature equal to the 
inlet total temperature plus 1 K. The resulting distribution of 
velocity magnitude is shown in Fig. 29 (pressure probe data). 

The velocity magnitude distribution based on data acquired 
by pressure probes can be verified by comparing it with 
the velocity levels based on data obtained from 
thermoanemometric probes. Distributions of throughflow 
density, shown in Fig. 22, can be converted to velocity plots 
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Fig. 28 Mach number distribution determined from 
pressure probe measurements. 


knowing the distribution of flow density. The flow density 
distribution was determined using the static pressures shown in 
Fig. 27, and the measured inlet total temperature with the same 
assumption discussed above. The computed thermo- 
anemometric probe based velocity distributions are plotted in 
Fig. 29 to be compared with the pressure probe based velocity 
distribution. The results presented agree extremely well. This 
agreement is proof of the soundness of the approach adopted 
for correction of acquired data by segmenting signals into 
intervals for which the probes operate within a relatively 
narrow angle of acceptance. Of course, as stated earlier, a 
necessary condition for this approach is the periodicity of the 
signal under investigation. 

Finally the flowfield in a rotating stall cell at the exit from 
the first stage rotor can be constructed. The flowfield pattern is 
shown in Fig. 30 in a form of vector plots. 

It should be realized that the picture depicts 
time resolved measurements obtained at a 
fixed point. The spatial separation of 
individual velocity vectors represents the 
sequence of velocity vector changes in time 
at a given fixed point. The spatial 
separation of velocity vectors was scaled to 
match the rotor solidity. The scaling was 
based on the average time of one revolution 
of the rotating stall cell ( 123.03 ms), the 
average time of one rotor revolution 
( 61.04 ms), and the number of rotor blades 
(39). The picture depicts development of 
the two-dimensional velocity vector, as 
well as the development of the axial 
velocity component. The “line of 
measurement” (fixed spatial point resolved 
in a line in the time domain), is indicated 
by a broken line past the rotor row. 

It is obvious from the presented flow 
pattern that there is a relatively strong 
reversed flow region in the core of the 
rotating stall cell. This reversed flow 



SPLIT-FIBER PROBE 

PRESSURE PROBE SINGLE-FIBER PROBE 



Fig. 29 Comparison of velocity magnitude distributions 
determined from thermoanemometric and 
pressure probe data. 


region spreads over two adjacent rotor blade channels. The 
presence of the rotating stall cell affects the flow pattern in at 
least six rotor blade channels, which for the compressor 
investigated is about 15% of the rotor circumference. 


UNCERTAINTIES AND ERROR ANALYSIS 

The level of confidence in the achieved results can be 
corroborated by an error analysis. Two types of uncertainties 
were encountered during this research. First, there are errors or 
uncertainties associated with the accuracy of probe positioning 
and the sensitivity of transducers. These errors are negligible. 



ROTOR 

FLOW 

FIELD 



Fig. 30 Flow pattern in a rotating stall cell. 
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The probe actuators move the probes with an accuracy 
better than ± 0.1 mm and ± 0.05 dg. The compressor rotative 
speed was measured with accuracy of ±0.01%. Pressure 
transducers, built in the pressure probes, have a full scale range 
of ±7.0 kPa (±1.0 psid ). A multipoint calibration procedure 
was used for pressure transducers and calibration data were 
fitted with a second order polynomial to account for calibration 
nonlinearity. The zero drift was measured before and after 
each test run, and accounted for. The accuracy of 
thermoanemometric probe calibration deteriorates at very low 
flow velocities. However, for the present investigation, the 
value of throughflow density was always above 20 kg. in 2 .s ' 1 , 
and at those levels the standard deviation of calibration and 
fitted data is less than 1.0 kg. in' 2 . s' 1 (Ref. 11). 

All unsteady data were conditioned, and recorded in digital 
form using 12-bit digitizers. The data were recorded with a 
sampling frequency of 32 kHz in segments 10 s long. The 
maximum digitizing error was less than ±10 Pa for pressure 
data, and less than ±0.04 kg.m^.s' 1 for thermoanemometric 
data. On the basis of measured unsteady pressure and velocity 
magnitudes, these errors are about ±1.0 % for pressure 
measurements, and about ±0.1 % for throughflow density 
measurements. 

Noticeably larger uncertainties are associated with the 
randomness of flow parameters in the rotor flow, particularly in 
separated flow regions. As indicated in Fig. 12, the measured 
rotating cell frequency was f RS = 8.29 ± 0.22 Hz, which 
represents 2.7% fluctuations. These frequency fluctuations 
were corrected for during ensemble averaging by data 
resampling to an average rotating stall period. Each ensemble 
average was generated from 82 rotating stall periods. 

The distributions of pressure and velocity random 
unsteadiness are shown in Figs. 31 and 32. The pressure 
standard deviation level outside of the rotating stall region is 
very low, about 60 Pa (digitizing error is 10 Pd). In the 
separated flow region the standard deviation suddenly jumps 
up close to 500 Pa. Standard deviations of measured 
throughflow density are even larger as depicted in Fig. 32. 



Fig. 31 Standard deviations of ensemble average 
measured by static pressure probe. 



Fig. 32 Standard deviations of ensemble average 
measured by single-fiber probe. 


Outside the rotating stall region the standard deviations are 
very low, however inside the stall region the amplitude of 
deviations increases by a factor of twelve. It is obvious, that 
the ensemble average must be generated from a large number 
of stall periods, 82 in our case, for results to have statistical 
significance. 


CONCLUSIONS 

The following results were obtained during the course of 
this study: 

• Miniature total and static pressure probes with fast 
response pressure transducers were built, calibrated and 
used in a research compressor for investigation of 
rotating stall. 

• A methodology was developed to reduce data from 
pressure and thermoanemometric probes operating in 
unsteady flows with huge changes of flow direction that 
are significantly larger than the acceptance range of 
probe incidence. 

• Unsteady flow parameters inside a rotating stall cell 
were determined using ensemble averaging based on 
rotating stall frequency. 

• Excellent agreement between velocity distributions 
obtained from pressure probe data with data determined 
by thermoanemometric probes mutually verifies their 
performance, and also confirms the validity of the 
derived data reduction methodology. 

• Vector plots of unsteady behavior during the rotating 
stall regime indicate reverse flow within the rotating stall 
cell that spreads over to adjacent rotor blade channels. 

• The NASA Low Speed Axial Compressor while in the 
rotating stall regime at the design rotor speed exhibits 
one stall cell that rotates with a speed equal to 50.6% of 
the rotor speed. 
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